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Abstract 
This project entails the computer simulation of a cam 
and follower system. Through computer modeling, the 
CAE/Machine Design capabilities of the program will enable 
the accurate simulation of complex machine mechanisms. 
This substantially reduces the time usually required for 
standard simulations and eliminates the construction of 
multiple test mechanisms. 
The project concerns the construction of a triple 
lumped mass model to simulate the linear dynamics of a cam 
and follower system. Also, a rotational drive system is 
' 
simulated by a quadruple lumped inertia model. These two 
systems have been joined in order to emulate the elasto-
dynamic responses of a complete cam and follower system. 
Four simulations were carried out to determine the 
accuracy of the software and to determine the effects of 
parameter changes. The first simulation, which will be 
referred to as the Initial Design model, was to 
mathematically emulate the actual mechanism. A comparison 
of the actual mechanism acceleration output and the initial 
design model acceleration output shows a 1.42% error of 
this model. The second through the fourth simulations, 
which are designated as Designs (1), (2) ,and (3), 
incorporate specific parameter changes in order to 
1 
determine the effects on the initial design model. These 
parameter changes and their associated effects on the 
output include the following. 
DESIGN (1). Increasing the upper follower mass: 
a) amplifies transient effects of the system, 
b) increases follower forces. 
DESIGN (2). Increasing the cam pulley moment of inertia: 
a) simulates a flywheel on the ca~ shaft 
b) runs the system at a more consistent velocity, 
c) reduces transients in rotational and linear 
systems. 
DESIGN (3). Increasing the V-Belt elasticity. 
a) reduces the velocity variation in the cam, 
b) induces lower transients into the follower. 
c) smooth transfers of energy to the mechanism 
In addition to being flexible, this program has also 
proved to be cost effective. Computer cost is $is.oo per 
simulation run. Further cost containment will be 
determined by the extent to which the program is used to 
eliminate the costly and time consuming process of building 
and analyzing numerous test mechanisms. 
2 
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Introduction 
This project concerns the computer simulation of a 
basic machine mechanism. Through the use of the software 
package, the engineer will be able to determine optimum 
mechanism characteristics for specific machine designs. 
This will reduce design time and increase overall machine 
quality. 
The initial consideration of thi~ project was to 
select a mechanism which would be applicable to basic 
machine design, and would produce predictable output to 
simplify the simulations. The mechanism which satisfied 
these requirements was a belt driven cam and ~ollower. 
Mechanism design and the flexibility of the system will be 
examined in chapter I. 
The next step was to create a mathematical model of 
the mechanism. The dynamic characteristics of the system 
were simulated in order to accurately determine follower 
position, velocity, acceleration, displacements and forces. 1 
The system was divided into a linear model, representing 
the cam and follower, ~nd a rotational model, representing 
the drive system. These models will be discussed in 
chapters II and III respectively. The dynamic simulation 
utilized the " Livimore Solver for Ordinary Differential 
Equations" software package, (LSODE), in conjunction with a 
3 
CDC Cyber 850 computer. 
. 
In chapter IV,the computer simulation output will be 
analyzed. System flexibility will be discussed in terms of 
three test systems. 
Finally, in Chapter V, conclusions and future 
implications for study will be discussed. 
I 
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Chapter I Description of the Mechanism. 
The mechanism that was selected for this project was 
designed to be simple, predictable, and flexible. The 
circular offset cam and follower along with it's simple 
drive system, is a basic design which meets these demands, 
Fig. 1, 2. 
The cam has rise, fall and dwell characteristics and 
transmits this motion to the follower through direct 
contact. 1 At low speeds the cam and follower can be 
considered rigid, due to the high modulus of elasticity. 
At high speeds, however, the system is no longer rigid. 
Values become critical in high speed machinery as shafts 
begin to compress and elongate under varying conditions. 
The cam and follower is made of several basic 
components, Figures 3, 4. These components are the cam, 
which displaces the follower, the linear bearings which 
hold the follower in place, and the cam shaft which 
connects the cam and the cam pulley. 
The drive system is also mechanically simple. It 
consists of a Century 1/2 Hp D.C. motor and motor pulley, 
and connects to the cam pulley through a V-belt, Figure 2. 
1A. Ferri and R. Snyder, "Dynamic Characteristics of a 
Cam-Follower System," Unpublished B.S. Thesis, Lehigh 
University, 1981, p. 1. 
5 
TABLE 1. DRIVE MOTOR SPECIFICATIONS. 
1) Century 1/2 ~p DC Motor 
2) 4 Amps 
3) Field Volts 115 
4) Windings shunt 
In order to minimize the dynamic vibrations of the cam 
and follower, the mechanism and drive system were mounted 
on two 300 pound steel plates. This has proved sufficient 
in reducing extraneous movement of the system while it is 
in operation. 
The flexibility of the system is evident by examining 
the several parameters which can be changed on the 
mechanical model. The cam speed is governed by the motor 
and the V-belt drive system. The controller attached to 
the motor allows direct speed control of the motor and the 
drive system. The retaining spring can be changed by 
sliding the cam shaft out of the pillow block bearings. 
The initial spring displacement can also be varied by 
moving the retaining spring pin to one of the five holes 
drilled into the shaft. This allows an initial spring 
displacement of 0.63 to 6.98 cm. The end of the shaft has 
been drilled and tapped to accommodate additional masses. 
Finally, the cam itself can be replaced by removing the cam 
shaft nut and unscrewing the cam. Thus, mechanical 
6 
' 
flexibility has been provided so that various parameter 
changes can be made without having to create multiple test 
systems. 
' 
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Chapter II Triple Lumped Mass System Linear Model. 
The modrel of the lir,~ar system, or the cam and 
follower, was developed into a triple lumped mass system. 
These divisions isolate the mass of the cam, the mass of 
the roller and yoke with the lower section of the follower, 
and the mass of the follower above the retaining pin. 
Each of the elements of the linear model listed in figure 
5 fall into four categories, Masses, Damping Values, Spring 
Constants,and Displacements,Figure 5, 6. 
The program allows the user to change these variables 
and to monitor the effects of such changes on the system. 
A second approach to the modeling of this mechanism 
was considered assuming that the cam support is rigid and 
using the roller as the third mass. The roller on the cam 
produces an extremely high spring value. The cam shaft 
spring constant was far lower however,and produces greater 
deflection in the system. In view of this, the system 
modeling is more accurate when the cam is considered as a 
dynamic body. The physical.. forces involved in the line~r 
model are illustrated in the free body diagram of the cam 
and follower system, Figures 7,8. These forces are the 
basis of the differential equations that describe the 
system. The equations corresponding to the lumped masses 
are printed below the free body diagrams. 
8 
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PChapter III Drive System Model. 
The drive system consists of six components; the 
motor, motor pulley, belt, cam pulley, and cam. The linear 
and rotational models are linked in the program through the 
cam which is present in both systems. The rotational 
forces are based on several factors including; 
1) Motor Input Torque 
2) Belt Elasticity 
3) Shaft Torsion 
4) output Torque 
5) Moments of Inertia 
6) System Damping 
Cam position, acceleration and load determine the 
forces in the linear system. This translates into varying 
torque and speed in the rotational system. Input motor 
torque is governed by the overall load of the system. As 
system loads increase, the ~orque increases and the motor 
speed decreases. Therefore an inversely proportional 
relationship exists between the motor torque and the motor 
speed. Motor torque and speed fluctuate depending on cam 
position and speed. As a result, the motor shaft and cam 
shaft twist and the V-belt flexes in response to the 
varying input torque. The output torque is a result of the 
difference between the input torque and the damping factors 
9 
of the drive system. 
The initial design model of the rot~ional system is 
based on the moments of inertia for the motor (I 1 1 ), the 
motor pulley (I' 2), the cam shaft pulley (I 3), and the cam 
The primes that are associated with I 1 and I 2 
account for the gear ratio created by the difference in the 
diameters of the motor and the cam pulleys, Appendix 2A. 
The spring constants relating to the motor and cam shaft as 
well as the belt are also considered. Viscous damping is 
considered for the bearing friction and the belt damping, 
Figures 8, 9, 10. 
Belt Elasticity. 
Belt elasticity has been modeled under the assumption 
• 
that one section of the belt is in tension, and the other 
section carries no load. This assumption allows the 
section of the V-belt in tension to be considered a spring. 
This is possible since the system is being modeled as a 
steady state simulation. Belt damping is included in order 
to reduce torsional vibrations and improve results. 
10 
Prony Brake. 
The Prony brake was designed and built to test the 1/2 
Hp DC motor for torque speed characteristics. The brake has 
three components; the disk, the moment arm, and the disk 
brake, Figure 11. 
The Prony brake puts a continuous load on the motor 
while the torque and current are measured. Given the 
relationship of 
Torque= Motor constant* current 
it is possible to determine the motor constant. Then, by 
connecting the motor to the cam and follower and 
continuously monitoring the motor current, the motor torque 
can be determined at any given cam position. 
Test results show that the motor torque fluctuates 
during slow operation. Once the system surpasses two 
revolutions per second, the motor torque is constant. A 
Torque Speed Curve was created from the output of the test. 
The results yield a linear relationship between the motor 
torque and speed, Figure 12. 
11 
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Chapter IV Computer Simulation Output, Data Analysis. 
Output data resulting from the initial design model is 
summarized in the first column of Tables 3-5. Using maximum 
negative acceleration of the follower, a comparison can be 
made between actual and simulated system values. To 
increase the accuracy of this comparison, the maximum 
negative acceleration values from the first four cycles of 
the initial design model have been averaged. The average, 
when compared to the actual value from the mechanism, 
demonstrates 1.42% error of the initial design model. 
In order to demonstrate the effects of parameter 
variations, three design systems have been implemented. 
Each design system has one parameter that has been altered 
in order to ascertain the impact of that parameter on the 
entire system. The design systems with their respective 
parameter changes and associated results are listed in 
table 2. 
The initial design model is used as a reference for 
the comparison of test outputs in Tables 3-5. In addition, 
four sets of graphs display the output from the initial 
design model and the three design systems. These graphs 
are included at the end of the text, and will be referred 
to for clarity. 
12 
TABLE 2. LIST OF PARAMETER CHANGES IN DESIGN SYSTEMS. 
• Design 
AND ASSOCIATED RESULTS. 
Parameter 
to Vary 
Calculated Values 
of Initial Design 
New Parameter 
Value 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • 
(1) .35 Kg 1.40 Kg 
... max and min cam speed varies by 36.8% compared to the 
initial design model of 15.8% • 
... a 229% increase in cam shaft displacement velocity,and a 
269% increase in the cam shaft displacement . 
... follower force is increased by 244% 
(2) 3.24 Kg*cm 2 43.98 Kg*cm2 
... cam shaft displacement reduced by 10% • 
. . . initial design model cam speed varies by 15. 8 % but 
design {2) reduces this to 7.7% variation . 
... follower acceleration is more consistent. 
(3) 387.01 N/cm 1751.18 N/cm 
•.. V-Belt elongates 32% more in the initial design model 
than in design (3) . 
... cam speed varies by 11.6% • 
• . . follower velocity is 1. 7 % slower but results in a 1. 67 % 
increase in follower force. 
13 
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Design (1) Variation in Upper Follower Mass. 
In this system, the upper follower mass is increased 
by a multiple of four to emphasize any dynamic effects 
imposed on the system, Table 3. 
As the upper follower is increased in mass, the system 
displays an increase in the maximum and minimum motor and 
cam velocity values. When the cam rotates downward the 
excess mass increases the downward force, thus increasing 
the cam speed. This added force reduces the required motor 
torque, and increases the motor speed, Graphs 1,2,12,13. 
As the cam I rises, the excess mass reduces the upward 
velocity, slowing the motor and cam velocity below that of 
the initial design model, Graphs 4,5,15,16. 
When there is an increase in the speed variation in 
the cam and motor, the velocity and the angle of twist in 
cam and motor shafts increases, Graphs 3,6,14,17. This 
induces higher transients through the shafts which effect 
the output of the entire design model. These rotational 
transients increase and decrease the speed of the 
rotational system due to the belt elasticity. They also 
affect the linear system by interfering with the smooth 
rotation of the cam. 
The cam shaft increases its deflection and velocity 
limits due to increased forces imposed by the additional 
mass, Graphs 7,18. Amplified transients in the test system 
14 
• 
cam shaft are related to the expansion and contraction 
between the upper and lower follower, graphs 7,10,18;21. 
As the upper and lower sections of the follower compress, 
the cam shaft deflects upward and as they expand, the cam 
shaft deflects downward. If the material of the upper and 
lower follower were to have a higher spring constant, the 
transients induced into the cam shaft would be reduced. 
Due to the large increase in mass, the average 
acceleration of design (1) is -389.75 cm/sec2 which is 
2.02% slower than the original initial design model.Yet 
even though design (1) has a slower acceleration, the 
difference in mass offsets the acceleration and results in 
a large jump in the follower force, graphs 11,22. 
15 
TABLE 3. INITIAL DESIGN MODEL DATA VS. DESIGN (1); 
VARIATION IN UPPER FOLLOWER MASS 
Motor Velocity 
(Rad/sec) 
Cam Velocity 
, (Rad/sec) 
Cam Shaft 
Displacement (cm) 
Cam Shaft Displacement 
Velocity (cm/sec) 
Upper Follower 
Displacement (cm) 
Upper Follower 
Velocity (cm/sec) 
Lower Follower 
Displacement (cm) 
Lower Follower 
Velocity (cm/sec) 
Follower Force 
(Newtons) 
INITIAL 
DESIGN 
max. 23. 6163 
min. 23.0536 
max . 3 4 • 8 o 6 8 
min. 30.0526 
max. .1845*10-3 
min. -.1506*10-3 
max. .8821*10-2 
min. -.8633*10-2 
max. 1.27047 
• 
-.2140*10-3 min. 
max. 15.2116 
• 
-15.0855 min. 
max. 1.27004 
• 
-.1835*10-4 min. 
max. 15. 2374 
min. -15.0873 
max. 958. 43 
Ms2= 
6.88 Kg. 
23.7517 
22.4105 
36.8551 
26.9226 
.4941*10-3 
-.3908*10-3 
.0202 
-.0279 
1.27241 
-.1704*10-2 
14.8060 
-14.8736 
1.27044 
-.4537*10-3 
14.9477 
-14.8596 
2344.92 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Follower Acceleration 
(cm/sec2 ) 
max. 292.92 
• min. -401.25 
-391.03 
-408.57 
-390.20 
Average Acceleration -397.76 
% Difference 
16 
2.02% 
287.98 
-399.92 
-374.73 
-413.08 
-371.27 
-389.75 
Design (2). Addition of Cam Shaft Flywheel. 
Design (2) involves increasing the moment of inertia of 
the cam shaft pulley thus simulating a flywheel on the cam 
shaft. By adding a flywheel to the system the torque 
fluctuations will be minimized. This causes a ripple 
effect reducing transients throughout the system, Table 4. 
The maximum and minimum motor velocities in this 
design system are lower than those of the initial design 
model. This can be expected due to the added load on the 
motor, Graphs 1, 2, 23, 24. 
The cam speed varies 2.39 Rad/sec while the initial 
design model cam speed varies 4.75 Rad/sec. Thus the 
flywheel has substantially reduced the cam velocity surges 
in the design (2) system, Graphs 4,5,26,27. 
The twist and velocity of the motor and cam shafts 
have been slightly reduced. Comparison of graphs 3 and 25 
demonstrates how the flywheel can dampen out the rotational 
system transients resulting in smooth transition, Graphs 
6,28. 
Since the cam rotates at a more constant speed with a 
flywheel, the I maximum and minimum velocities and 
displacements of the linear system are reduced, Table 2. 
The maximum upward acceleration noted in table 4 • 1S 
5 cm/sec 2 faster than the initial design model. This is 
accounted for by the flywheel increasing the average 
17 
velocity of the rotation cycle. This reduces the torque 
required to accelerate the cam above the initial design 
model value. Adding the flywheel results in a -386.54 
cm/sec 2 acceleration which is 2.83% slower than the 
original initial design model. 
18 
TABLE 4. INITIAL DESIGN MODEL DATA VS. DESIGN (2); 
ADDITION OF CAM SHAFT FLYWHEEL. 
Motor Velocity 
(Rad/sec) 
Cam Velocity 
(Rad/sec) 
Cam Shaft 
Displacement (cm) 
Cam Shaft Displacement 
Velocity (cm/sec) 
Upper Follower 
Displacement (cm) 
Upper Follower 
Velocity (cm/sec) 
Lower Follower 
Displacement (cm) 
Lower Follower 
Velocity (cm/sec) 
Follower Force 
(Newtons) 
max . 
• min. 
max . 
• min. 
max. 
• min. 
max. 
• min. 
max. 
• min. 
max. 
• min. 
max. 
• min. 
max. 
• min. 
max. 
INITIAL 
DESIGN 
23.6163 
23.0536 
34.8068 
30.0526 
.1845*10-3 
-.1506*10-3 
.8821*10-2 
-.8633*10-2 
1.27047 
-.2140*10-3 
15.2116 
-15.0855 
1.27004 
-.1835*10-4 
15.2374 
-15.0873 
958.43 
23.5499 
22.3436 
33.3292 
30.9365 
.1659*10-3 
-.1421*10-3 
.8718*10-2 
-.8555*10-2 
1.27037 
-.6428*10-4 
14.7377 
-14.4427 
1.27001 
.1826*10-4 
14.7270 
-14.4278 
944.97 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Follower Acceleration 
(cm/sec2) 
max. 292.92 
• min. -401.25 
-391.03 
-408.57 
-390.20 
Average Acceleration -397.76 
% Difference 
19 
2.83% 
297.935 
-401.59 
-374.02 
-370.51 
-400.04 
-386.54 
• 
Design (3). Variation of V-Belt Elasticity. 
Design (3) increases the V-Belt spring constant to 
observe the effects on the system. The initial design 
model shows an inconsistent cam velocity graph due to the 
stretch of the belt resulting from the torque fluctuation 
of the system. As the belt elongates and contracts 
transients are created. 
The motor and cam velocities are within a more 
consistent speed range when the V-Belt spring constant is 
increased. The motor velocity graphs show the tight control 
over the motor speed and torque through the V-Belt, Graphs 
1,2,34,35. In design (3), the cam varies by 3.59 Rad/sec 
and the original initial design model • varies by 4.75 
Rad/sec. Thus the V-Belt in the initial design model 
elongates 32% more than that of design (3). The pulses for 
each cam cycle are apparent in the cam velocity graph, 
Graph,4,5,37,39. The cam graph shows a decrease in 
transients and a distinct outline can be seen which also 
corresponds to the number of cam cycles. 
Observation of the motor and cam shaft velocity and 
angle differences reveals a jump in shaft twist and 
velocity. Thus the shafts are now absorbing a portion of 
the forces that elongated the belt in the initial design 
model, Graphs 3,6,36,39. The remainder of this extra 
energy is being translated to the mechanism resulting in 
20 
higher displacements, Table 3. 
Even though the displacements are higher, the maximum 
and minimum velocities are more consistent than in the 
initial design model. The upper and lower sections of the 
follower display these characteristics of greater 
displacement with reduced velocity. The cam shaft, 
however, has a slight increase in velocity and displacement 
in order to keep pace with the displacements of the upper 
and lower follower. From this it is evident that the 
follower must have greater acceleration in this test than 
in the initial design model. 
The maximum follower force is larger in design (3) 
than in the initial design model which accounts for the 
greater displacements. The acceleration values in design 
(3) are easily the most consistent of any of the 
simulations yielding an average acceleration of -395.06 
which is .68% slower than the initial design model. 
) 
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TABLE 5. INITIAL DESIGN MODEL DATA VS. DESIGN (3); 
VARIATION OF V-BELT ELASTICITY. 
Motor Velocity 
(Rad/sec) 
Cam Velocity 
(Rad/sec) 
Cam Shaft 
Displacement (cm) 
Cam Shaft Displacement 
Velocity (cm/sec) 
Upper Follower 
Displacement (cm) 
Upper Follower 
Velocity (cm/sec) 
Lower Follower 
Displacement (cm) 
Lower Follower 
Velocity (cm/sec) 
Follower Force 
I (Newtons) 
max . 
• min. 
max . 
• min. 
max. 
• min. 
max. 
I 
min. 
max. 
• min. 
max . 
• min. 
max. 
• min. 
max. 
• min. 
max. 
INITIAL 
DESIGN 
23.6163 
23.0536 
34.8068 
30.0526 
.1845*10-3 
-.1506*10-3 
.8821*10-2 
-.8633*10-2 
1.2704] 
-.2140*10-
15.2116 
-15.0855 
1.27004 
-.1835*10-4 
15.2374 
-15.0873 
958.43 
(' 
K23= 
1751.18 N/cm 
23.5028 
23.2904 
34.3280 
30.7293 
.1888*10-3 
-.1723*10-3 
.9765*10-2 
-.9252*10-2 
1.27049 
-.4277*10-3 
14.9519 
-15.0348 
1.27006 
-.2709*10-4 
14.9565 
-15.0630 
974.73 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Follower Acceleration 
(cm/sec2) 
max. 292.92 
• min. -401.25 
-391.03 
-408.57 
-390.20 
Average Acceleration -397.76 
% Difference 
22 
0.68% 
294.33 
-394.74 
-392.03 
-399.07 
-394.40 
-395.06 
Chapter V Conclusions and Future Implications. 
This research has resulted in the development of the 
computer simulation of a cam and follower mechanism. This 
package has been proved an accurate and cost effective 
means of providing data to the engineer. Comparison of 
computed values for acceleration and actual values obtained 
from the mechanism demonstrated 1.42% error of the system. 
Yet the cost of computer simulation of nine cycles is only 
fifteen dollars. This eliminates the cost of building 
several specialized mechanisms to measure the output of 
varying parameters. In addition, the time associated with 
the design and construction of such mechanisms is far 
greater than that required for the alteration of parameters 
in a simulation. Therefore, this simulation is justified 
in terms of time and cost reduction. 
Three examples of possible parameter changes have been 
included in the research. Such changes can be utilized to 
determine the overall effects of any given parameter on the 
system. The three examples are as follows. 
1. Increased V-Belt elasticity: 
reduces the velocityvariation in the cam, 
induces lower transients into the follower. 
23 
2. Added mass to the follower: 
amplifies transient effects of the system, 
increases follower forces. 
3. Addition of a Flywheel to the cam pulley: 
runs the system at a more consistent velocity, 
reduces transients in rotational and linear systems. 
A significant finding which resulted from these 
experimental simulations is the relationship between cam 
shaft and follower displacements. The magnitude of the cam 
shaft displacement is directly proportional to the 
difference between the displacements of the upper and 
lower follower segments. As the upper and lower sections 
of the follower compress, the cam shaft deflects upward. 
The reverse is also true. When the follower is in tension, 
the cam shaft deflects downward. This is evident when 
comparing the design (1) cam shaft displacements to the 
associated upper and lower follower difference 
graph,7,10,18,21. The conclusion drawn form this 
information is that using different materials with a higher 
modulus of elasticity will minimize the upper and lower 
follower displacement differences. This will in turn 
reduce the cam shaft displacement transients resulting in a 
system with reduced v~brations and the concomitant energy 
24 
loss. 
Future implications for study in this area include the 
following. 
, 
1. Further in-depth investigation into the 
possible associations between the velocity/ displacement 
relationships of the various parameters. 
2. Replacement of the V-Belt drive system with a 
direct drive system. This will determine if the origin of 
the error in the initial design model output results from 
the linear or rotational system. 
3. The consideration of multiple variable changes. 
ie. change of mass and modulus of elasticity to emulate a 
change in materials for various parts of the mechanism. 
4. Further investigation of outside damping factors, 
such as the alignment bracket which randomly comes into 
contact with the follower support channel. 
These considerations will have a great impact on the 
accuracy and reliability of future simulations. 
25 
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FIGURE 5. DEFINITIONS FOR THE LINEAR COMPUTER MODEL 
MASS 
M82 - Upper Follower Mass 
Ms 1 - Lower Follower Mass, Yoke and Roller 
Mc - Cam Mass 
SPRING CONSTANTS 
K82 - Upper Follower Spring Const~nt 
K81 - Lower Follower Spring Constant including Yoke & Roller 
KRs - Retaining Spring Constant 
Kc - Cam Shaft Spring Constant 
DAMPING VALUES 
CB. - Bearing Damping (actual value) 
c82 - Upper Follower Damping 
c51 - Lower Follower Damping 
Cc - Cam Shaft Damping 
CRS - Retaining Spring Damping (book value) 
DISPLACEMENT VALUES 
Y(2) - Lower Follower Displacement 
Y(3) - Upper Follower Displacement 
Y(4) - Cam Shaft Displacement 
z - Follower Displacement (due to cam position) 
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FIGURE 6. DIAGRAM OF LUMPED MASS SYSTEM. 
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..... 
... 
, 
r K82 [Y(3)-Y(2)] 
Ms2 
e C 
) ... ~ , r c82 [Y(3)-Y(2)] 
•• I • • 
Y(3)= [CBY(3)+Ks2[Y(3)-Y(2)]+Cs2[Y(3)-Y(2)]] / -Ms2 
7b. LOWER SECTION OF FOLLOWER 
p 
• CBY(2) ... /' 
Ks 2 [Y(2)-Y(3) ] ... ,, 
I .. 
] - Ms1 
.,, 
; 
' 
F Cs 2 [Y(2)-Y(3) 
, 
\_ 
,.. KRs[Y{2) 
J- ... ,, 
J I .,. 
'. . ' . Y(2)=[P+CBY(2)+Ks2[Y(2)-Y(3)]+Cs2[Y{2)-Y(3)] 
• 
+KRs[Y(2)J+CRs[Y(2)]-F]/-Ms1 
FIGURES 7a,b. LINEAR SYSTEM FREE BODY DIAGRAM 
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• CcY(4) ,-------~/~Kc[Y(4)] 
F----~ 
1• ' Y(4)=[F+CcY(4)-P+KcY(4)]/-Mc 
FIGURE 7c. LINEAR SYSTEM FREE BODY DIAGRAM (continued) 
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FIGURE 8. DEFINITIONS FOR THE ROTATIONAL COMPUTER MODEL 
MOMENTS OF INERTIA 
I' 1 - Drive Motor 
I' 2 - Drive Motor Pulley 
I3 - Cam shaft Pulley 
I4 - Cam 
ANGLES OF ROTATION 
-8-' 1 - Drive Motor 
-&' 2 - Drive Motor Pulley 
-8-3 - Cam Shaft Pulley 
~4 - Cam 
DAMPING VALUES 
CMB - Motor Bearing (book value) 
Cv - V-Belt 
TORQUE 
T' - Motor 
T - Cam 
ELASTICITY 
K 1 12 - Motor Shaft 
K 1 23 - V-Belt 
K34 - Cam Shaft 
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FIGURES lOa,b. ROTATIONAL SYSTEM FREE BODY DIAGRAM 
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10c. CAM PULLEY 
,. 
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FIGURES lOc,d. ROTATIONAL SYSTEM FREE BODY DIAGRAM 
(continued) 
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APPENDIX 1. EQUATIONS FOR THE LINEAR SYSTEM 
I 
lA. THE CAM AND ROLLER 
Z=h-f---
2R 
-z==O -----
z = Cam Displacement 
L = Radius of Roller and Radius of Cam 
z 
R = Distance from Cam Center to Cam Shaft Center 
85 
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APPENDIX lB. CAM DISPLACEMENT, VELOCITY AND ACCELERATION 
Z = L cos~ -·R cos& -(L-R) 
L sin~ = R sin& 
. 
L 2sin2¢J = R2sin2.e 
cos2¢ = l-(R/L) 2sin2.e-
cost/J = [ 1- (R/L) 2sin2e-J • 5 
Z = Cam Displacement 
V = Cam Velocity 
AC= Cam Acceleration 
Z = R(l-cose-)+l[-l+(l-(R/L) 2sin2-&) • 5J 
V = R9sin0+[-R2/L0sin0cos0][1-(R/L) 2sin2e]-.S 
AC= Re2cos0+R4/4L3e2sin?2.e(l-(R/L) 2sin2e-J-l.5 
-R2 ;Le-2cos2-9( 1.- (R/L) 2sin2-eJ- · 5 
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APPENDIX lC. LINEAR MODEL SPRIN.G CONSTANTS 
Retaining Spring Constant (KRs) 
1 KRS = 70.04 N/CM 
Upper Shaft Spring Constant (K52 ) 
Shaft Spring 
K =. 1T/4(1.27cm) 2 (2.07*10 7 N/cm2 ) 
-
- 2.62*107 N 
Shaft Hole 
K = [11/4(1.27cm) 2 -.48cm(l .• 27cm)] [2.07*10 7 N/cm 2 ] 
/. 4a·cm 
K = 2.88*10 7 N/cm 
Complete Uppe·r S·haft Section 
(x varies with pin position) 
1/K52 =[(13.77cm+.79cm(5-x))/ 2.62*10 7 N] 
+ [ (6-x)/2.88*·107 N/cm] 
Constant for Lower Shaft Spring, including Yoke (K51 ) 
Lower Shaft (KLs> 
1/KLs = [8.6lcm+.79cm(x-l)l/4.06*l0 6 
+ [(x-1)/2.88*107 N/cm] 
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APPENDIX lC. (continued) 
Ky1 = 6EI/2L3 
= (3(2.07*107 N/.cm2)(1/12)(2.54cm) (.64cm) 3 ] 
/(1.43Cm) 3 
= 1.15*106 N/cm 
Ky2 = AE/L 1 • , 
= [ ( . 6 4 cm) ( 2 • 5 4 cm) ( 2 • o 7 * 1 o 7 N/ cm 2 ) ] / 2 • 2 2 cm 
= 1.50*107 N/cm 
Complete Lower Shaft Spring Constant (Ks1> 
l/Ks1 = 1/KLs + l/Ky1 + l/Ky2 
Cam Shaft Spring Constant (Kc) 
Kc = (3/64) (E71d4/L3 ) 
= (3/64][((2.07*10·7 N/cm2 )7T(l.27cm) 4 )/(l.llcm) 3 ] 
= 5.79*10 6 N/cm 
... 
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APPENDIX lD. DAMPING VALUES 
Bearing -Damping (CB) 
CB = O .-027 Kg/cm sec (value obt·ained from mechanism) 
Upper (Cs 2 ),and Lower Shaft (Csi> Damping 
C = 2WnM<f • 0-5< ~ <. 07 Y = steel density Kg/cm3 
wn· = (n11'/L) (Eg/.f) • 5 
Wn = ( 7f / 31 • 7 5 cm) * 
[((2.06*107 N/cm2) (981.5 cm/sec2))/0.08 N/cm3J· 5 
=4·4, 092 Rad/sec 
M =.72l(g/(981.5 cm/sec2) 
=0.007 Kg/cm/sec2 
C =2(44,092 Rad/sec) (0.007 Kg/cm/sec2) (.05) 
c51 = c52 = 3.08 Kg*sec/cm 
Retaining Spring Damping (CR5 ). 
CRs = 2r/d = [2(.635 cm)]/.3175 cm= 4 
Cam Shaft Damping (Cc) 
C=2WnMi 
Cc=2(1.24*10 6 ~ad/sec) (2.89*10-5 Kg/cm/sec2 ) (.05) 
Cc=3.59 Kg*sec/cm 
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APPENDIX 2. EQUATIONS FOR THE ROTATIONAL SYSTEM 
2A. PRIME. DEFINITIONS1 
o3 = Motor Pulley Diameter 
o2 = Cam Pulley :Diameter 
lJ. E. Shigley,!1~£han_iE~! ~Qg:i~~-~.!:.4:!!9: Q~~.ig!! 
(N·ewYork: McGraw-Hill Book Co., 1977), p.659. 
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APPENDIX 2B. ROTATIONAL SPRING CONSTANTS 
Motor Shaft Diameter= 1.59 cm 
Cam Shaft Diameter~ 1.27 cm 
Motor Shaft Elasticity (K12 ) 
Length = 1. 27 .cm 
Length= 6~99 cm 
1<12 = GJ/L = [(7.92*10 6 N/cm2 ) ((1/2)1/(.79 cm) 4)J/l.27 cm 
= 3.87*106 N*cm 
Ca.m Shaft Elasticity (K34 ) 
K34 = GJ/L = [(7.92*10 6 N/cm2 )((1/2)f/(.635) 4 )J/6.99 cm 
= 2.90*105 N*cm 
Belt Elast.icity (K23 ) 
K = AE/1 
Motor Pulley Diameter =.8.26 cm 
Cam Pulley Diameter= 6.35 cm 
Cross Sectional Area= ~so cm2 
C - 24.44 cm -
E -. 11,720 N/cm.2 -
= 40.15 cm 
K23 = (D3/2) 2 (AE/L) 
-&L - 3.36 -
e-s - 3.06 
= [(.50 cm2) (11,720 N/cm2 )/40.15 cm] 
(8.26 cm/2) 2 N*cm 
= 2501 N*cm 
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Radians 
Radians 
I 
APPENDIX 2C. MOMENTS OF INERTIA 
Drive Motor (I1) 
T = I 1 (dw/dt) 
I 1 = T/ .(dw/dt) 
= (145.06 Kg*cm/sec2) /.251 rad/sec2 
= 577.93 Kg*cm2 
---~-------------------------------------------
I= Mr[(T/2 ) 2g-r] 
Drive Motor Pulley (I2) 
I 2 = 0.64 Kg(l2.70 cm)* 
[(.76 sec/-211) 2 (975 .• 36 cm/sec2)-12.7 cm] 
= 11.84 Kg*cm2 
Cam Shaft Pulley (I3) 
I 3 = .125 Kg (9~52 cm)* 
[(.70 sec/211') 2 (975.36 cm/sec2)-9.52 cm] 
= 3.24 Kg*cm2 
Cam (I4) 
I 4 = .30 Kg(18.4lcm)* 
[(.88 sec/2f1') 2 (975.36 cm/sec2)-18.41 cm] 
= 3·. 27 Kg*cm2 
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APPENDIX 2D. DAMPING VALUES 
Motor Bearing Da~ing (~B) 
CMB = .12 Kg/cm sec (value obtained from the mechanism) 
V-Belt Damping Value (Cv) 
Cv = .015 (book valu~)l 
" 
........ _ .. 
1 D.R. Houser and L. Oliver, "Vibrations of V-Bel t 
Drives Excited by Lateral and Torsional Inputs,'1.SME, June 
---
1975, P. 902. 
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APPENDIX 3. LINKING THE LINEAR AND ROTATIONAL SYSTEMS 
' T(&4 ,t) = (dz/d&)F =[(dz/dt)/(d&/dt)]F 
• F = AC(Ms1+Ms2)+Ks1CZ-Y(2))·+KRs(Y(2))+P+CRs(Y(2)) 
. ,. , 
+CS1(V-Y(2))+C8 (Y(2)+Y(3)) } 
) 
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